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SUMMARY 

A 10- foo t  diameter aluminum cy l i nde r  w i t h  rec tangu lar  cu tou ts  i n  i t s  r i n g  
and s t r i n g e r  s t i f fened wa l l  was loaded t o  buck l i ng  f a i l u r e  by an end bending 
moment. A 24x27 inch  cutout, centered on the  compression s ide  of the  she l l ,  was 
f i r s t  c u t  i n t o  the  cy l inder .  A f t e r  tes t ing ,  the  cu tou t  area was enlarged t o  a 
36x36 inch  square cu tou t  t h a t  removed t h e  mater ia l  damaged by buck l i ng  dur ing  
the f i r s t  t es t .  A f t e r  the  second buck l ing tes t ,  the  cu tou t  area was patched 
w i t h  an equ iva len t  s t i f f n e s s  p l a t e  bo l ted  over the  cu tou t  hole. The c y l i n d e r  
was r o t a t e d  120' and a 18x18 inch  square ho le  c u t  i n t o  the center  o f  the new 
compression s ide o f  the  she l l .  Test specimen d e t a i l s ,  t e s t  procedures, and t e s t  
r e s u l t s  are presented. 

INTRODUCTION 

Ana ly t i ca l  prebuck l ing so lu t ions  ( r e f s .  1-8) show t h a t  the  presence o f  a 
cu tou t  has a pronounced e f f e c t  on the s t resses and displacements i n  a 
c y l i n d r i c a l  s h e l l  under various loading condi t ions.  Ana ly t i ca l  so lu t i ons  f o r  
t h e  buck l i ng  loads o f  such cy l inders,  t h a t  adequately account f o r  the  asymmetric 
e f f e c t  o f  the cu tou t  on the  she l l ,  are d i f f i c u l t  t o  obtain. Large cu tou ts  
produce n o n l i n e a r i t i e s  t h a t  are very d i f f i c u l t  f o r  a n a l y t i c a l  so lu t i ons  t o  
p red ic t .  As a resu l t ,  the design of c y l i n d r i c a l  s h e l l s  w i t h  cu tou ts  has 
genera l l y  re1 i e d  on experimental resu l t s  and a few a n a l y t i c a l  so lu t ions .  

The t e s t i n g  o f  t he  c y l i n d r i c a l  she l l  i n  t h i s  r e p o r t  was undertaken t o  
p rov ide  t e s t  data f o r  a c lass  o f  c y l i n d r i c a l  s h e l l s  t h a t  has few publ ished 
resu l t s .  An e x i s t i n g  10- foot  diameter i n t e g r a l l y  s t i f f e n e d  aluminum cy1 inde r  
from a prev ious ly  completed t e s t  program was obta ined from the  Marshall  Space 
F1 i g h t  Center f o r  buck l ing  t e s t s  i n  the  Langley St ruc tures  Laboratory. 
The c y l i n d e r  prov ided an inexpensive t e s t  specimen f o r  y i e l d i n g  va luable 
buck l i ng  data f o r  l a rge  r i n g  and s t r i n g e r  s t i f f e n e d  c y l i n d r i c a l  s h e l l s  w i t h  
l a r g e  cutouts. 

Rudimentary ana lys is  o f  the  shel l ,  us ing  the  r e s u l t s  i n  re ference 5, 
i n d i c a t e d  t h a t  the  c y l i n d e r  cou ld  be loaded t o  buck l i ng  w i t h  an end bending 
moment from the  l a r g e  scale bending machine i n  the  Langley St ruc tures  
Laboratory. By cover ing the  s h e l l  cu tou t  area w i t h  an equ iva len t  extensional 
s t i f f n e s s  patch, the  c y l i n d e r  could be re tes ted  w i t h  various cu tou t  sizes. 
t h i s  manner, r e p l i c a t e  t e s t  r e s u l t s  cou ld  be obta ined f o r  d i f f e r e n t  s i ze  cu tou ts  
f o r  comparison purposes. 

I n  

The ob jec t  o f  t h i s  r e p o r t  i s  t o  p rov ide  the  phys ica l  p roper t i es  o f  t h e  
c y l i n d e r  and the  cutouts  and t o  repo r t  t he  experimental r e s u l t s  from the 
buck l i ng  tes ts .  The r e s u l t s  are intended t o  supply needed add i t i ona l  data base 
experience f o r  design as discussed i n  re ference 5. 
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EXPERIMENTAL PROCEDURE 

Test Specimen 

The  cylindrical shell construction (see f igs .  1 and 2 )  has an integrally 
ring-and-stringer st iffened wall .  The shell wall geometry was mill machined 
in to  a f l a t  aluminum plate and the p la te  roll  formed t o  the desired radius. 
Three such rolled plates were welded together w i t h  three weld jo in ts  equally 
spaced around t h e  ci rcumf erence of the compl eted cy1 i ndr i  cal shel 1 . 

The outside diameter of the shell was measured t o  be 120.66 inches on the 
average. The shell wall thickness was measured to  be 0.10 inch. These 
dimensions and the average measured s t i f fener  dimensions are given i n  figure 1. 
The overall shell l e n g t h  was measured t o  be 94.125 inches. The resul ts  of an 
imperfection survey of the shell are given i n  reference 9. To provide a 
transfer of the applied load to  the outside of the cylinder, a large steel r i n g  
was machined and bolted to  the end of the shell ( f ig .  2 ) .  In a d d i t i o n ,  
individual steel  backup plates ( f ig .  3) were bolted to  the inside of the shell 
wall t o  a i d  i n  transfer of the applied load i n t o  the shell wall. 

cutouts 

The position of the cutouts i n  the three-segment shell were centered 
relat ive to  the weld jo in t s  and t o  the ends of the cylinder. 
material was cut  f l u s h  w i t h  the sides of the rings and stringers bounding the 
cutout ( f ig .  3) .  In this manner, two of the shell wall cutout sides were 
stringer supported and two were ring supported.  
inches and centered i n  one of the three shell wall segments. The cutout area 
was delineated by eight s t r inger  spacings (24 inches) and by six r i n g  spacings 
(27 inches). The second cutout  was a 36x36 inch opening made by enlarging the 
f i r s t  cu tout  area and  covered an area of eight rings by 12 stringers. 
s t ra in  gage results and visual examination of the shell wall from the 24x27 inch 
cutout tes t  revealed that  the permanent-set damage to  the shell was confined t o  
a local area close t o  the cutout. I t  was determined tha t  a 36x36 inch cutout 
would safely remove a l l  of the yielded wall material result ing from the f i r s t  
cutout tes t . )  The third cutout was an 18x18 inch hole made i n  the center of 
another of the three shell wall segments. The 36x36 inch cutout opening was 
covered by an equivalent extensional-stiffness patch. The s t i f fness  of the 
shell wall i n  t h e  axial direction was computed and used to  determine the 
thickness for  the  aluminum patch plate. The patch plate  was then rolled to  a 
radius to  match the,outside wall of the shell .  The dimensions of the patch 
plate were made two s t i f fener  spacings wider t h a n  the cut-out opening a l l  around 
t o  allow room for bolting the patch to  the shell wall. 

The shell wall 

The f irst  cutout was 24x27 

(The 

She1 1 Material 

. 

A series of compression t e s t s  made on coupon specimens machined from the 
cutout materi a1 determined the physical properties of the a1 umi num shel 1 wall 
material. 
0.33, and  the 2% offset  yield s t ress  was 59,000 p s i .  The  sca t te r  i n  the coupon 
t e s t  results were less  than 0.5%. 

The average e l a s t i c  modulus is 10,700,000 p s i ,  the Poisson r a t io  is 
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TEST PROCEDURE 

Load Application 

The  bending moment was applied t o  the shell by a large sca le  bending  machine 
act ing through a pa i r  of steel loading rings attached t o  the outside of the 
shell wall ( f ig .  2). Steel clamping plates, f igure 3, were used on the inside 
of the shell t o  assist the t ransfer  of load from the loading rings t o  the shell 
wall. The loading rings were i n  turn bolted t o  a p a i r  of steel conical shaped 
loading heads t h a t  can be seen i n  figure 4. One conical loading head was 
bolted t o  a r ig id  wall mounted to  the laboratory f loo r  (commonly ca l led  the 
"backstop"). The other  conical loading head was attached t o  a steel end p l a t e  
( f ig .  5). The end p l a t e  was attached t o  a t r iangular  loading frame through two 
p i  n-end 1 oadi ng arms. 

The ri ght-angl ed tr i  angular 1 oadi ng frame of the 1 arge-scal e bending machi ne 
had a main pivot through i t s  vertical  l eg  t h a t  was supported by two u p r i g h t s  
from the laboratory f loo r  ( f ig .  5). The t r iangular  loading frame was t h u s  f r e e  
t o  ro t a t e  about the main pivot  p i n  i n  the u p r i g h t s .  One vertex of the 
t r iangular  loading frame was loaded upward by a hydraulic jack resting on the 
1 aboratory f loor .  The di  spl acement type 1 oadi ng on the tr i  angul a r  1 oadi ng f r a m  
from the hydraulic jack was reacted by the two uprights which  allowed the 
t r iangular  loading frame t o  rotate .  The  other  two vertices of the t r iangular  
loading frame were attached t o  two pin-ended loading arms which were attached t o  
the loading plate.  
pivot p i n  through the uprights from the action of the hydraulic jack caused the 
upper loading arm t o  push  against  the top pa r t  of the loading plate while the 
lower arm pul led on the bottom part .  T h u s ,  the pin-ended loading arms applied 
equal and opposite loads t o  the loading plate ,  producing a bending moment on the 
conical shape loading heads. The pinned end of the loading arm allowed the 
loaded end of the cy1 inder t o  ro ta te  as  we1 1 as trans1 a t e  upward r e l a t ive  t o  the 
f ixed  end of the cyl inder  attached t o  the backstop. 

Rotation of t h e  t r iangular  loading frame about the main 

Instrumentation 

Back-to-back s t r a i n  gages were located around the edges of the cutouts. 
Each gage was centered re l a t ive  t o  the stiffener cross-section a s  depicted i n  
f igure 6. 
shell wall ,  as  well a s  around the cutout edges, were recorded us ing  Linear 
Variable Displacement Transducers (LVDT's). Eleven LVDT's were mounted inside 
the shell along i t s  center l ine on a special instrumentation beam cantilevered 
from the backstop ( f i g .  4 ) .  The LVDT's measured normal def lect ions of the 
cutout edges r e l a t ive  t o  the undeformed center  line of the shell. 
LVDT's were centered on the ring and stringer intersect ions a t  each corner of 
the cutouts. Four LVDT's were located on the four edges half way between the 
corners, centered on the r i n g  and stringer in te rsec t ion  a t  midspan of the 
cutout. 
shell wall generator. Finally,  one LVDT was placed a t  the loaded end of the top 
shell wall generator l ine.  The load, the s t r a i n  gage responses, and the LVDT 

Deflections a t  s e l ec t  locations around the top generator l ine of the 

Four of these 

Two LVDT's were placed nine inches away from the cutout edge along the 
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displacement data were recorded on magnetic tape using an automated data  
acquisition system. 

RESULTS AND DISCUSSION 

18x18 Inch C u t o u t  

The shell with the 18x18 inch cutout, loaded t o  failure by an end bending 
moment, failed suddenly w i t h  a loud noise and a large loss i n  bending stiffness 
a t  a bending moment of 25,500,000 in-lbs (Table I ) .  The displacements from the 
LVDT's for this test are shown i n  figures 7 and 8 and the position of each LVDT 
i s  marked w i t h  a numeral on the inset. 
marked w i t h  the same numeral. The displacements along the top generator line of 
the cylinder shell wall are nonlinear as can be seen in figure 7. From figure 
7 ,  note tha t  the top  of the shell wall a t  the loaded end of the cylinder moved 
almost linearly, b u t  the rest of the shell wall moved non-linearly inward toward 
the center1 ine of the shell ( a  phenomenon also noted i n  ref. 6). As can be 
seen i n  figure 8, the load-displacement responses were nonlinear around the 
edges of the cutout. The edges of the cutout area a l l  began t o  move inward 
above 6,000,000 in-lbs. Approaching the failure load,  the deflection a t  
locations 9, 10, and 11 on the right side of the cutout ( f ac ing  the back-stop) 
reversed direction and began t o  buckle outward a t  about  25,000,000 in-lbs. The 
deflections a t  locations 6, 7, and 8 on the l e f t  side of the other hand began t p  
buckle inward. 
side buckled out and the l e f t  side buckled inward, as can be seen in the 
photograph in figure 9. 

The back-to-back strain gage responses from 32 gages and their 16 locations 
around the 18x18 inch cutout are shown in figures 10 through 13. 
12 show the locations of the strain gages, w h i c h  are a l l  centered halfway 
between stiffener centerlines. The longitudinal strains adjacent t o  the cutout 
area a t  longitudinal positions A and D, figure 11, showed a very nearly linear 
response w i t h  applied bending moment. Bending of the edge stringers near the 
center of the cutout, as evidenced by the separation i n  the back-to-back gage 
response curves a t  longitudinal positions B and C ,  became prominent above an 
applied moment o f  10,000,000 in-lbs, resulting in a strain reversal which 
occurred a t  20,800,000 in-lbs. Upon examination of the inside-outside response 
curves, i t  was seen t h a t  the right side of the cutout was bending outward, while 
the le f t  side i s  bending inward. 
precedes the deflection reversal shown i n  figure 8 and the shell buckl ing  a t  
25,500,000 in-lbs. 

The corresponding response curve i s  

The shell finally failed i n  an asymmetric mode w i t h  the right 

Figures 10 and 

The strain reversal a t  20,800,000 in-lbs 

The circumferential strains for  the 18x18 inch cutout,  as shown in figure 
13, are symmetric about the midspan of the cutout  f r o n t  and back edges. The  
corner areas a t  circumferential positions E and H adjacent t o  the cutout showed 
very l i t t l e  circumferential strain present. A t  the circumferential positions F 
and G near the midspan o f  the cutout edge, the back-to-back gage responses 
showed tensile strains w i t h  bending of the ring a t  the edge of the cutout, 
t a k i n g  place from the onset of loading. I n  addition, these results showed t h a t  
the f r o n t  and back edges of the cutout were bending inward. 
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24x27 Inch C u t o u t  

The  shell w i t h  the 24x27 inch cutout failed suddenly w i t h  a loud noise and a 
sudden loss i n  bending stiffness a t  an applied bending moment of 22,600,000 
in-lb (Table I ) .  The test  displacement results are shown i n  figures 14 and 
15. The top of the shell wall a t  the loaded end of the cylinder moved 
nearly linearly b u t  the cutout area began t o  move nonlinearly inward relative t o  
the unloaded position from the onset of loading, as  can be seen from figure 14. 
The deflections around the edge of the cutout, shown i n  figure 15, showed t h a t  
the right side of the cutout (facing the backstop) reversed i ts  inward movement 
near 22,000,000 in-lbs and began t o  buckle outward. The l e f t  side on the other 
hand, began t o  buckle inward. The cutout area buckled asymmetrically, as can be 
seen figure 16, w i t h  the right side bowed outward and the l e f t  side buckled 
inward. 

The back-to-back strain gage response curves from 44 gage and their 20 
locations around the 24x27 i n c h  cutout are shown i n  figures 17 through 20. As 
can be seen from figure 18, the longi tudinal  strains were symmetric about the 
midspan of the edges of the cutout area. The longitudinal strains a t  positions 
A and F, just out  from the corner,showed a h i g h  degree of linearity and very 
l i t t l e  bending. 
midspan and corners, as evidenced by the separation i n  the back-to-back strain 
gage response curves a t  positions B through E i n  figure 18, began early w i t h  
applied loading, resulting i n  a strain reversal a t  21,100,000 in-lbs. The 
longitudinal strain responses i n  general appear t o  be more linear t h a n  the 
displacement curves i n  figures 14 and 15 indicate. 
inside-outside response curves from right side t o  l e f t  side of the cutout i n  
figure 18 revealed t h a t  the right side of the cutout was bending outward and the 
l e f t  side inward as indicated by the displacement results i n  figure 15. 

Bending of the right and l e f t  edge stringers between the 

An examination of the 

T h e  circumferential strains f o r  the 24x27 inch cutout, as can be seen i n  
figure 20, exhibited symmetry about the midspan o f  the f r o n t  and back edges. 
The corner gages a t  circumferential positions G and K, figure 19, showed very 
l i t t l e  strain while the gages a t  circumferential positions H through J nearer t o  
the middle span show some tensile strain i n  addition t o  bending of the ring on 
the cutout edge. The bending of t h e  edge stiffener began t o  take place about  
ha1 f-way through the loading. The i nsi de-outsi de strain gages responses show 
t h a t  the center of the front and rear edges were bending inward. 

36x36 Inch C u t o u t  

The shell with the 36x36 i n c h  cutout failed suddenly, with a subdued noise 
and a sudden loss in bending stiffness a t  a bending moment of 17,500,000 i n - l b  
Table I ) .  The test displacements are shown in figures 21 and 22. The top of 
the shell wall a t  the loaded end of the cylinder moved nearly linearly, b u t  the 
t o p  of the shell wall on an ax ia l ,  through the cutout area, began t o  move inward 
nonlinearly immediately upon loading  as can be seen in figure 21. As can be 
seen i n  figure 22, the corners a l l  moved outward while the center of the sides 
moved outward, substantially more t h a n  the corners. 
edge of the cutout showed a symmetric mode developing w i t h  load. 

The deflections around the 
Both  the right 
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and l e f t  s ides  (facing the backstop) def lected outward w i t h  increasing outward 
motion near fa i lure .  There were no deflection reversals  fo r  the 36x36 inch 
cutout. Unlike the two smaller cutout t e s t s ,  a l l  four corners of the 36x36 
cutout area moved outward substant ia l ly .  The midspan of the f ront  and back 
edges showed a substantial inward displacement r e l a t ive  t o  the other 
displacements. The buckle shape which was symmetric around the cutout can be 
seen i n  the photograph i n  figure 23. 

The back-to-back s t r a i n  gage responses from 24 gages and t h e i r  12 locations 
around the 36x36 inch cutout are shown i n  f igures  24 through 27. 
seen from f igure  25, the longitudinal s t r a i n s  were symmetrical along the cutout 
edges w i t h  respect t o  the longitudinal direct ion.  Bending of the edge stringer, 
as  evidenced by the separation i n  the back-to-back s t r a i n  gage response curves, 
a t  longitudinal positions A through C ,  f igure  24, began ear ly  w i t h  loading, 
resulting i n  a s t ra in  reversal near 11,400,000 in- lbs .  
inside-outside s t ra in  gage response curves from l e f t  s ide t o  r i g h t  s ide confirm 
the symmetric buckling mode for  the cutout area depicted by the displacement 
curves i n  f igure 22. 

As can be 

An examination of the 

I n  f igure 27, the circumferential s t r a i n s  near the corners of the 36x36 inch 
cutout area a t  circumferential posit ions D and F,  figure 26, remained nearly 
zero as the loading s t a r t ed  b u t  exhibited t e n s i l e  and bending s t r a i n s  tha t  
devel oped as the she1 1 neared collapse. The circumferential s t r a i n s  exhibited a 
symmetric bending of the cutout edges fo r  both the r i g h t  s ide and the l e f t  side 
of the cutout. A t  the circumferential posit ion E near the midspan, the 
circumferential strains were t e n s i l e  w i t h  s t i f f e n e r  bending occurring from the 
onset of loading. The circumferential s t r a i n  pat tern showed tha t  the r i g h t  s ide 
of the f r o n t  and back edges were bending inward while the l e f t  s ide was bending 
outward. 

CONCLUSIONS 

A 120.66-inch diameter by 94.125 inch long i n t e g r a l l y  r i n g  and s t r inge r  
s t i f fened  cylinder has been tes ted  i n  bending w i t h  three s izes  of rectangular 
cutouts i n  the compression s ide of the shel l  wall. 
of the shell  wall around the cutout i n  a l l  three cases. Buckling modes fo r  the 
18x18 inch and t h e  24x17 inch cutouts were asymmetric about the cutout axes, 
however, the 36x36 inch cutout buckling mode was symmetric about the cutout 
axes. The buck1 ing def lect ions about the cutouts showed nonlinear behavior 
confirmed by bending of the cutout edges as shown by the back-to-back s t r a i n  
gage response curves. 
to  occur a t  applied bending moments of 20,800,000, 21,100,000, and 11,400,000 
in- lbs  fo r  the 18x18, 24x27, and 36x36 inch cutouts respectively.  The 
deflection curves f o r  the 18x18 and 24x27 inch cutout test showed t h a t  the 
s ides  of the cutout area i n i t i a l l y  moved inward, b u t  t h e n  the r i g h t  s ide 
deflections reversed near collapse,  resu l t ing  i n  an asymmetric buckle mode w i t h  
respect t o  the circumferential direct ion f o r  the cutout area. 
area, however, moved outward from the onset of loading t o  col lapse w i t h  no 
deflection reversal and w i t h  a symmetric mode pat tern w i t h  respect t o  the 
circumferential direction. 

Fai lure  occurred by buckling 

Local bending of the cutout edges caused s t r a i n  reversal 

The 36x36 cutout 

The buckling f a i l u r e  loads for the three t e s t s  were 
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. s i l y  discerned by the sudden loss i n  bending s t i f f n e s s  and an accompanying 
loud noise. The f a i l u r e  loads were 25,500,000, 22,600,000, and 17,500,000 
in-lbs f o r  the 18x18, 24x27, and 36x36 inch cutouts, respectively.  
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TABLE I. - EXPERIMENTAL BUCKLING RESULTS 
'\ 

cutout 
Size 

( i n  x in) 

18 x 18 

36 x 36 

Buckling Moment 
(in-lbe) 

25,500,000 

22,600,000 

17,500,000 

Cutout Area * 
Parameter 

2.64 

3.74 

5.29  

*,R is the shell wall radius, t is the shell wall equivalent thickness, r 
the cutout area characteristic dimension (see ref. 5) 
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